Aims Beyond the influence of stimulating devices on cardiac excitation, their use in treating patients with heart failure has positive effects on the myocardium at the molecular level. Electrical signals can induce a wide spectrum of effects in living tissue. Therefore, we sought to determine whether applying electrical microcurrent directly to failing hearts leads to functional improvement. Methods and results Sixteen male spontaneously hypertensive rats (SHRs) with heart failure underwent application of a patch electrode to the left ventricular epicardium and placement of a subcutaneous counter electrode. The electrode delivered a 0.35 μA microcurrent to nine of the SHRs for 45 ± 3 days; the other seven SHRs were used as controls. At baseline and before the SHRs were humanely put to death, we measured the left ventricular ejection fraction (LVEF) and the thickness of the LV posterior wall during systole and diastole (LVPWs/d). We used quantitative PCR to determine extracellular matrix parameters [collagen I-III, matrix metalloproteinase (MMP)-2, MMP-9, tissue inhibitor of metalloproteinases 3 (TIMP3), TIMP4, connexins (Cxs) 40/43/45, transforming growth factor (TGF)-β, and interleukin (IL)-6]. Among SHRs undergoing microcurrent application, LVEF normalized (mean decrease, 22.8%; P = 0.009), and LVPWs decreased (mean, 35.3%; P = 0.001). Compared with the control group, the SHRs receiving microcurrent exhibited a mean decrease in the gene expression of collagen I (10.6%, P = 0.003), TIMP3 (18.5%, P = 0.005), Cx43 (14.3%, P = 0.003), Cx45 (12.7%, P = 0.020), TGF-β (13.0%, P = 0.005), and IL-6 (53.7%, P = 0.000). Microcurrent application induced no changes in the expression of collagen III, MMP-2, MMP-9, TIMP4, or Cx40. Conclusions Applying microcurrent to the LV epicardium of SHRs leads to statistically significant functional improvement and alterations in the levels of inflammatory and extracellular matrix components.
Introduction
Heart failure has become a global disease, affecting an estimated 26 million persons worldwide. Despite the progress made in the treatment of heart failure, optimal medical therapy is often not sufficient to save the affected patients from an insidious decline in their cardiac function over the long run. 1 Therefore, device-based therapies are playing an increasing role in the treatment of heart failure.
Cardiac resynchronization therapy (CRT) is a wellestablished procedure; however, only roughly one-third of New York Heart Association Class III patients are good candidates for this type of treatment, and~30% of these do not respond to treatment. 2 Interestingly, hearts that improve with CRT frequently exhibit not only an enhancement of excitation propagation but also a recovery of function, as a sign of additional effects of the electrical stimulation.
Cardiac contractility modulation (CCM) is another method that has achieved divergent results in several clinical studies involving patients with heart failure. 4 Devices stimulating the vagus nerve belong to a recently rediscovered group of electroceuticals that aim to improve failing organs by exciting organ-specific nerves. Moreover, attempts have been made to expand this method to the stimulation of nerves from organs affected by inflammatory diseases such as rheumatoid arthritis, and these attempts have achieved astonishingly promising results among treated patients. 5 Our group recently reported that exposing cardiomyocytes to electrical microcurrent under cell-culture conditions leads to an immediate increase in the proliferation rate of the cells and to modulation of components of the extracellular matrix, such as matrix metalloproteinases (MMPs) and the tissue inhibitors of metalloproteinase (TIMP). 6 Because the extracellular matrix is a reservoir for various signalling molecules (cytokines, hormones, and growth factors), its dysfunction plays an important role in the development of heart failure. 7 Moreover, electrical current has been used successfully to support several healing processes, albeit without a complete and detailed understanding of the overall complex electrochemical and electrobiological interactions involved. For example, electrical current has been used to stimulate the healing of wounds, complex bone fractures, and fusion of the spine. 8 With its use, alterations in both the inflammatory process and gene expression have been described, with resultant clinical improvement. 9 The clinical experience with electrophysiological devices and their positive impact on cardiac function, the proven effect of microcurrent applied to cultured cardiomyocytes, and the unmet medical need to improve the treatment of heart failure encouraged us to test the effect of chronically applied non-excitatory, non-pulsatile electrical microcurrent to the hearts of spontaneously hypertensive rats (SHRs) at a progressed stage of the disease. Because a failing heart is an inflamed organ and endogenous microcurrent is known to have physiologically anti-inflammatory effects, we questioned whether artificial microcurrent applied to the epicardium of severely hypertrophic hearts can modify the cardiac function and gene expression of inflammatory components of cardiac tissue, and whether a long-term objective might be the treatment of heart failure with microcurrent. The recently published paper by Lujan and DiCarlo supports the hypothesis underlying this approach. 10 
Methods
The SHR model was selected because it is well characterized and has been described comprehensively. 11 The rats were provided by the Max Delbrück Center (Berlin, Germany). The provided substrain is characterized by early (5 weeks) development of hypertension and corresponding effects on hypertrophy and diastolic dysfunction. As a criterion for inclusion in the study, a left ventricular ejection fraction (LVEF) higher than 90% was chosen as a surrogate parameter for clinically significant diastolic cardiac dysfunction. A further inclusion parameter was a systolic blood pressure higher than 180 mmHg. Experiments were performed in accordance with the local Institutional Review Board's directives for animal care and use (GZ 66.009/0153-BrGT/2006 and 66.009/185-C/GT/2007 Austria). Housing, handling, and experimental procedures followed the written recommendations of the Guide for the Care and Use of Laboratory Animals. 12 At the end of the study, all rats were put to death while under anaesthesia by the injection of 100 mg per kg body weight ketamine and the intraperitoneal injection of 10 mg xylazine, according to the guidelines of the local Institutional Animal Care and Use Committee of the Medical University of Vienna.
Surgical procedure
Through a left thoracotomy, a platinum patch electrode (surface area, 1 cm 2 ) was stitched to the left ventricular epicardium of 16 male SHRs. A subcutaneous counter electrode was placed on the contralateral side of the thorax. Both electrode wires converged at the neck. The left ventricular epicardium of nine of the SHRs (mean age, 10.7 ± 4.1 months; mean weight, 293.7 ± 67.7 g) received application of a direct microcurrent of 0.35 μA for 8.5 h daily over a mean period of 45 ± 3 days. SHRs exposed to microcurrent were kept in a large separate cage. They were not anaesthetized or otherwise treated during the procedure. The microcurrent was defined as a direct current that could not excite the cardiomyocytes into inducing contraction. The amplitude of the microcurrent was derived from in vitro experiments with cardiomyocytes. Under culture conditions, the chosen intensity was in the range of optimal survival of cardiomyocytes. Furthermore, the amplitude of the current was chosen such that neither a measurable increase in the temperature of exposed tissue nor corrosion of the electrodes could be detected. The remaining seven SHRs, composing a control group (mean age, 10.9 ± 5.1 months; mean weight, 301.9 ± 37.2 g), were not exposed to the microcurrent.
Echocardiography
At baseline and before the SHRs were humanely put to death, we performed transthoracic echocardiography [Vivid 7 Dimension Cardiovascular Ultrasound System (GE Healthcare, Solingen, Germany) with a 10S sector array probe (4-11.5 MHz)] to determine the two-dimensional LVEF and the thickness of the LV posterior wall during systole and diastole (LVPWs/d). Rats were placed in the left lateral decubitus position after being anaesthetized with pentobarbital sodium (50 mg/kg) according to established American College of Cardiology/American Heart Association Guidelines and those outlined by Slama and colleagues. 13 The same operator performed all echocardiographic examinations and was unaware of the treatment assignment or the timeline of the experiment.
Data analysis
Independent-samples t-tests (SPSS Statistics 17.0.2, Chicago, IL, USA) were used to compare variables between the two groups. We measured functional parameters at baseline and at the end of the experiment and compared the two measurements by using the paired-samples t-test. Statistical significance was set at the level of P < 0.05. A Bonferroni correction for multiple hypothesis tests was not applied because of the strong dependencies between the tested variables, which had been confirmed by the calculation of Pearson product-moment correlation coefficients. 14 Furthermore, because this was an exploratory pilot study, primary endpoints were not established and therefore could not be used to determine the necessary number of animals by power calculations. The number of animals examined was determined on the basis of comparable studies and the authors' experience.
Quantitative PCR analysis
Myocardial specimens were collected from all 16 SHRs. All myocardial specimens were taken from the LVPW, which was in the central flow zone of the electrical current. Quantitative PCR (qPCR) was used to measure the levels of the following components of the extracellular matrix of the myocardial specimens: collagen I, collagen III, MMP-2, MMP-9, TIMP3, TIMP4, connexins (Cxs) 40/43/45, transforming growth factor (TGF)-β, and interleukin (IL)-6. The qPCR analyses were performed in a certified laboratory according to the rules of good laboratory practice.
Total RNA was isolated from the cardiac specimens (~30 mm 3 ) with TRI Reagent (Sigma-Aldrich, Vienna, Austria), according to the manufacturer's instructions. RNA was suspended in diethylpyrocarbonate-treated water (Sigma-Aldrich), and concentrations were determined by spectrophotometry with a Hitachi U-2900 spectrophotometer (Hitachi, Tokyo, Japan). Using the SuperScript First Strand Synthesis System (Invitrogen, Life Technologies, Paisley, UK), we reverse transcribed 1 μg of total RNA. For cDNA synthesis, 1 μg of total RNA from each sample was reverse transcribed (SuperScript First-Strand Synthesis System, Invitrogen).
Finally, 1 μL of each cDNA was used for the PCRs. The cDNA was stored at À20°C until use.
For the PCRs, specific primers for the rat-specific MMP and TIMP genes (MMP-2, MMP-9, TIMP3, and TIMP4), the connexin genes (Cx40, Cx43, and Cx45), and collagen types I and III were designed with Primer Analysis Software (Thermo Fisher Scientific V7, Frankfurt, Germany) and synthesized by VBC-Genomics Services (Bioscience Research, Vienna, Austria). The rat Gapdh gene was used as a control. The sequences for primers are presented in Table 1 . The following PCR conditions were used: initial denaturation for 5 min at 94°C, denaturation for 1 min at 95°C, annealing for 1 min at a primer-specific temperature, extension for 1 min at 72°C for 30 cycles, and a final extension of 5 min at 72°C. The reaction mixture was run on a 2% agarose gel stained with ethidium bromide.
Results
At baseline, all SHRs exhibited systolic blood pressure higher than the inclusion criterion of 180 mmHg (range, 192-201 mmHg). At the end of the study, systolic blood pressure of all SHRs had increased to 198 mmHg or higher (range, 198-209 mmHg). At termination, the mean body weight of the treated SHRs had increased to 302.4 ± 42.4 g, and that of the non-treated group had decreased slightly to 299.6 ± 31.8 g; the differences were not statistically significant either between or within the groups. At termination, the mean weight of the hearts of the treated group was 1.43 ± 0.11 g, and that of the untreated group was 1.70 ± 010 g. This difference was statistically significant (P = 0.0003).
Comparison of the echocardiographic variables of the SHRs at baseline and at the end of the experiment showed that the nine SHRs exposed to the microcurrent exhibited a statistically significant normalization of the LVEF (mean decrease, 22.8%; P = 0.009) and a significant decrease in the thickness of the LVPWs (mean decrease, 35.3%; P = 0.001) (Figure 1 , A and B; Table 2 ). The thickness of LVPWd decreased by 20%, but this difference did not reach statistical significance. The seven SHRs not exposed to the microcurrent exhibited no significant changes in echocardiographic variables (baseline LVEF, 96.4% ± 2.0%; termination LVEF, 97.6% ± 2.8%; baseline LVPWs, 0.49 ± 0.1 cm; termination LVPWs, 0.52 ± 0.08 cm; baseline LVPWd, 0.32 ± 0.07 cm; termination LVPWd, 0.35 ± 0.09 cm).
A comparison of the measurements of the components of the extracellular matrix showed that the myocardial specimens from the SHRs that received the microcurrent exhibited a statistically significant down-regulation in the expression of collagen type I (10.6%; P = 0.003), TIMP3 (18.4%; P = 0.005), Cx43 (14.3%; P = 0.003), Cx45 (12.7%; Bioelectrical signals and heart failure 293 P = 0.020), TGF-β (13.0%; P = 0.005), and IL-6 (53.7%; P = 0.000) (Figure 2 , A-F; Table 3 ). No statistically significant differences induced by the microcurrent could be detected in the down-regulation of collagen type III (1.4%), MMP-2 (1.7%), MMP-9 (2.8%), TIMP4 (5.2%), or Cx40 (4.7%).
Discussion
This pilot study, which, for the first time, applied constant electrical signals chronically to a beating heart with the intention of treating impaired cardiac function, achieved extremely beneficial results that raise more questions than they answer. Our intent with this experiment was to confirm our hypothesis that microcurrent can influence the inflammation of the components of the extracellular matrix and can affect organ function. We focused on certain components of the extracellular matrix, because existing evidence from studies of mechanical circulatory support and left ventricular unloading has shown that normalization of the extracellular matrix is an important precursor to a reverse remodelling of cardiac function. 15, 16 The duration of application of the microcurrent was derived (i) from our own clinical experience of a reverse remodelling process induced by mechanical unloading of the heart, a process that achieved optimal improvement of function within 4 to 8 weeks; (ii) from studies using cardiomyocytes exposed to microcurrent under culture conditions, with findings showing an alteration in extracellular matrix components within days; and (iii) from published data about collagen or protein turnover, data indicating that the degradation/synthesis rates of collagen range from 3% to 6% per day. 17 Indeed, we found that long-term and direct in vivo application of microcurrent to the epicardium of beating hearts of SHRs with pronounced heart failure leads to statistically significant alterations in the gene expression of extracellular matrix components, including collagen type I, TIMP3, Cx43, and Cx45. Furthermore, application of current reduces the levels of the cytokines IL-6 and TGF-β. Our results and those of other groups indicate that improvement in these variables is paralleled by an impressive improvement in heart function. 18 
Application of electrical signal
Numerous studies have reported the application of various types of electrical energy to animals and humans, but, to our knowledge, none describes the chronic direct application of electrical signals to an inner organ by a patch electrode. Because microcurrent works multifactorially, it was not the intention of this study to elucidate its molecular mechanism of action.
Thus, the main question generated by this study is whether the induced alterations in the myocardial tissue of SHRs are in accordance with what is known about the effect of the application of electrical energy to biological systems and the effect of gene expression on heart failure. It is widely known that electrical potential gradients and currents in endogenous tissue govern many biological properties of living organisms. 19, 20 Ionic channels control the plasma membrane potential and ion movement across membranes, thereby regulating various biological functions, including cellular volume status and some endogenous current-controlled, voltage-gated channels of the plasma membrane. 21 Because particular cell types are determined by their membrane potential, any alteration in the membrane potential could then modify cell behaviour. 22, 23 Clinical experience
Indications that electrical signals applied to the myocardium exert favourable effects on cardiac function have already been derived from the clinical use of certain electrophysiological devices, all aiming to reduce the severity of heart failure. One is the CRT device, the primary intention of which is to resynchronize asynchronous electrical excitation and, concurrently, the asynchronous pump mechanics of the right and left ventricles. CRT has achieved long-term improvement in cardiac function beyond that which can be achieved solely by eliminating the conduction disturbance. Obviously, the electrical signal also induces anti-inflammatory effects at the molecular level, which in turn affect the extracellular matrix and cardiomyocyte function. 24 Another approach is treating heart failure by applying a high-energy electrical stimulus during the refractory phase of the cardiac cycle, as is intended with the CCM device. One relevant observed effect is an increase in the level of myocyte calcium in the cytosol during systole, which accompanies moderate clinical improvement. 25 Vagus nerve stimulation by electroceuticals is an additional approach. This long-known method has recently been rediscovered for the treatment of heart failure. 26 Stimulating the vagus nerve is intended to balance the aggravated activity of the sympathetic nervous system and the reduced activity of the vagus nerve, which accompanies an increase in the mortality rate among patients with decreased cardiac function. Initial clinical results with these devices are promising and reflect the aim of the recently intensified efforts in bioelectronics to use electrical signals rather than drugs to treat diseases, with the aim of dampening inflammatory processes and repairing functional losses. 5, 27 Effects in cell culture Under cell-culture conditions, analysis of hypertrophic myocytes taken from the myocardium of 15-month-old SHRs has shown that exposure to microcurrent can significantly reduce cell size by 38%. In contrast, compared with H9c2 cells that were not exposed to microcurrent, regular H9c2 cardiomyocytes exposed to microcurrent for 5 days exhibited Table 2 Numeric and statistical results of echocardiographic measurements at baseline and at termination Baseline (n = 9)
At termination (n = 9) Difference of (n = Measurements were taken at baseline before microcurrent application (left) and at termination just before the end of the experiment after 45 days of microcurrent application (right). Statistically significant differences were found between baseline and termination in A (P = 0.000) and in B (P = 0.001).
Bioelectrical signals and heart failure 295 Figure 2 Myocardial mRNA expression of collagen type I (A), tissue inhibitors of metalloproteinases-3 (B), connexin 43 (C), connexin 45 (D), transforming growth factor-β (E), and interleukin 6 (F). Myocardial specimens were taken from SHRs (sham) not exposed to microcurrent (left) and after 45 days of microcurrent exposure (right) at termination of the experiment. A significant difference between the specimens was found in collagen type I (P < 0.003), tissue inhibitors of metalloproteinases-3 (P < 0.014), connexin 43 (P < 0.005), connexin 45 (P < 0.020), transforming growth factor-β (P < 0.005), and interleukin 6 (P < 0.000).
296
K. Macfelda et al.
no changes in cell size (P = 0.5979). Furthermore, the microcurrent appeared to prevent H9c2 cells from increasing in size if they were simultaneously stimulated by the α 1 -agonist phenylephrine (P = 0.4277). Without microcurrent exposure, phenylephrine stimulation leads to a statistically significant increase in cell size (P = 0.0000).
28
Effects of endogenous electrical current
In diseased hearts, the endogenous direct current gradient of the myocardium may be disarranged by fibrotic remodelling, and, therefore, its function may be disabled. 29 Thus, it is conceivable that the external application of a microcurrent could normalize the endogenous electrical gradient, either by influencing the existing current gradient or by triggering protein activation to induce favourable cellular responses. 30 Initial evidence showing that electrical signals can modulate kinase activity was reported in a paper published by Zhao and colleagues in Nature. 31 They found that electrical signals control wound healing in injured skin by phosphoinositide-3 kinase isoform γ (PI3Kγ), which can be seen as a transformer of electrical cues into biological cues. The absence of endogenous electrical cues leads to an up-regulation in the expression of phosphatase and tensin homologue (PTEN), an important antagonist of PI3K. In turn, this up-regulation disturbs wound healing.
PTEN, PI3K, IL-6, and TGF-β The PI3Kγ also plays an important role in the heart. The PI3K-protein kinase B (PI3K-Akt) pathway regulates the size, survival, angiogenesis, and inflammation of cardiomyocytes. 32 PI3K signalling can promote proinflammatory cytokine production by activating nuclear factor-κB (NFκB) downstream of AKT and can mediate IL-6 expression, which, in our study, was down-regulated by microcurrent. 33 TGF-β plays a central role in the induction of fibrosis by stimulation of the Smad system, which in turn increases the expression of collagen types I, III, and VI and accelerates the production of extracellular matrix proteins. 31 Microcurrent-induced down-regulation of TGF-β is expected to up-regulate the expression of PTEN, with the consequence of inhibiting PI3Kγ, which exerts an antifibrotic and contractility-enhancing effect. 34 The migration of T and B cells and other immune cells (e.g. monocytes and natural killer cells) is controlled by electrical fields. 35 Given that monocytes are an important source of IL-6, the downstream effect of a microcurrent on IL-6 expression is conceivable.
External microcurrent
The direct electrical current has no immediate effect inside the cells (the cell membranes act as capacitors); however, several channels allow the current to penetrate the cell membrane, if only temporarily. Therefore, because the synthesis of adenosine triphosphate (ATP) requires a high mitochondrial membrane potential, the microcurrent may modify the membrane potential to the necessary level. Indeed, we have found that cell cultures of cardiomyocytes from SHRs exhibit an increase (34%; P = 0.01) in mitochondrial membrane potential and in the synthesis rate of ATP (40%; P = 0.036) after a 72 hour exposure to microcurrent (unpublished data).
Cx40, Cx43, and Cx45
Because IL-6 is considered to be a mediator of inflammatory disorders, a consequential decrease in inflammation could be the initial point for the reduction in collagen expression and, in turn, for a decrease in the expression of Cx43 and TGF-β. 36, 37 In addition, Cx43 can modulate TGF-β signalling, a finding that indicates a mutual influence on the various signalling pathways. 38 Because the transcription of Cx43 is up-regulated by the chronic mechanical load caused by 
MMPs and TIMPs
In diastolic heart failure, the expression of MMPs is upregulated, but the behaviour of TIMPs has not been fully defined, probably because their behaviour is time course dependent (i.e. compensated vs decompensated stages of heart failure). Although TGF-β stimulates the synthesis of MMPs, it is surprising that, in the context of normalization of myocardial function, MMP expression remains unchanged. Mediators such as IL-6 and TGF-β up-regulate the synthesis of TIMPs; in addition, fibroblasts, macrophages, and monocytes are counted among the TIMP-synthesizing cells. Considering our findings of a down-regulation of the proinflammatory components of the extracellular matrix, a concomitant reduction in TIMP3 expression appears plausible, especially because TIMP3 may be involved in regulating inflammation. 39 
Functional improvement
The results of the current study show that direct application of microcurrent to diseased hearts leads to improvements in function, even though the application is non-specific and does not target particular receptors or molecules. Interestingly, the microcurrent appears to induce a selfhealing process, which is activated by a bulk current application of a determined amount. Neither we nor others have found that healthy cells are negatively influenced by the microcurrent. 40 Although it is unlikely because of the demonstrated decrease in proinflammatory components, it is possible that the observed functional improvements are induced by increases in myosin synthesis, augmentation of vascular endothelial growth factor levels, increases in mRNA expression (increased capillary density), and enhancements in vagal or inhibited sympathetic innervation.
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Limitations
The limitations of this study include those related to any pilot study. First, even though several anti-heart failure effects have been observed after the application of microcurrent, the ultimate mechanism of action is still unclear. Although possible mechanisms have been suggested, none could be definitively verified. Second, the number of components examined was limited, and their relationships to changes in the protein level are indirect. Likewise, the number of markers showing inflammatory effects can be explicitly increased. Finally, additional studies are necessary to substantiate our observations, because we found effects on ion channel activity, signal transduction, oxidative stress, key inflammatory regulators (including IL-6 receptors), lymphocyte infiltration, and fibroblasts.
Furthermore, the intensity of the applied microcurrent was derived from in vitro experiments; we cannot exclude the possibility that a microcurrent with lower or higher intensity could lead to more pronounced effects. Because the SHRs were selected according to their ejection fraction, the age distribution is rather wide. Although there was no statistically significant difference between the groups, it is possible that the age distribution could have weakened the observed effects.
Conclusions
Even if their functional cardiac effect is only moderate, electrical signals from the devices in use have been shown to improve the severity of heart failure. In this study, we supported this approach by in vivo application of direct electrical microcurrent to the left ventricular myocardium of SHRs over several weeks. This application led to a pronounced improvement in cardiac function and to significant alterations in the inflammatory process and in certain components of the extracellular matrix at the mRNA level. Down-regulation of the measured components of the extracellular matrix is consistent with our observation of improved heart function. It was not our intention to examine the molecular mechanism of the effect of the microcurrent. Although observational data cannot establish causality, our findings are consistent with the hypothesis that the application of minimal electrical energy is associated with biological alterations. We speculate that microcurrent therapy may be beneficial in other heart failure models related to chronic inflammation and may eventually be the basis of a disruptive heart failure treatment that would be in line with current efforts to treat diseases with implantable electroceuticals. Currently, however, we must limit ourselves to the basics of discovering the what before we can learn the why.
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